INTRODUCTION
============

Pancreaticoduodenectomy (PD) is a complex surgical procedure used to treat various benign and malignant diseases in the pancreatic head and periampullary region. Although recent advances in surgical techniques have reduced the rate of PD-associated mortality to \<5%, the rates of postoperative morbidity remain high, ranging from 30% to 65%.^[@R1]--[@R3]^ Postoperative pancreatic fistula (POPF) is the most significant contributor to the high morbidity rate in patients who undergo PD. As the pancreatic fluid leaks into the surrounding tissues, complications such as abscess formation, delayed gastric emptying (DGE), and hemorrhage also occur.^[@R3]^ Consequently, POPF development is often associated with longer hospital stays and higher cost of health care.^[@R1],[@R4]^

To improve clinical management after PD, there is a need for physicians to identify patients at high risk of POPF soon after the surgery. Previous studies have pinpointed several biochemical factors, including serum amylase level,^[@R5]^ drain fluid amylase level,^[@R6]^ combined serum albumin and leukocyte count,^[@R7]^ combined blood urea nitrogen (BUN) and serum albumin levels,^[@R8]^ and the persisting ratio of drain fluid amylase output,^[@R9]^ as POPF predictors. However, these markers often have low predictive accuracy, as demonstrated by their low positive predictive values (PPVs). We reasoned that these biomarkers, measured in the early phase after PD, may not be ideal POPF predictors because intrinsic and extrinsic factors, such as individual variations in pancreatic exocrine function, tissue response after surgery, and postoperative medication, may greatly influence their levels.

We believe that when pancreatic fluid flows back into the reconstructed digestive tract instead of draining through the external pancreatic drainage tube, it may cause tissue damage in the gastrointestinal anastomosis, and subsequently, POPF. Meanwhile, such back flow of pancreatic fluid may increase the amylase level in the gastric drain fluid and decreases in the amylase level in the pancreatic drain fluid. Consequently, patients with POPF may have a higher gastric/pancreatic amylase ratio (GPAR) than patients who do not have POPF. Pancreatic exocrine function can greatly vary in patients after PD, and this variation can lead to significant differences in the absolute levels of amylase in gastric or pancreatic drain fluid. Unlike absolute amylase levels, GPAR is less likely to be influenced by pancreatic exocrine function and can be a reliable indicator for the direction of pancreatic fluid flow. We further surmised that because the influence of postoperative tissue response or medication on amylase levels decreases over time,^[@R10],[@R11]^ measurements on postoperative day (POD) 3 are more reliable than that on POD1. Therefore, we hypothesized that GPAR on POD3 may serve as an accurate predictor of POPF. In this study, we analyzed the association between POPF and multiple biomarkers -- including previously known POPF risk factors and GPAR -- evaluated GPAR as a predictor of POPF, and compared its predictive power to that of serum or drain fluid amylase levels, 2 conventional POPF predictors.

MATERIALS AND METHODS
=====================

Study Design and Patient Recruitment
------------------------------------

This was a single-center study at the Division of Hepatobiliary and Pancreas Surgery, First Bethune Hospital of Jilin University, Jilin, China. All the patients were recruited prospectively. The inclusion criterion was having undergone PD (Child procedure with external pancreatic drainage) between August 2012 and September 2014. Patients with tumors invading the surrounding tissues, and therefore unsuitable for surgical treatment, were excluded from the study. We collected preoperative, intraoperative, and postoperative information from each patient. Preoperative information included age, sex, body mass index (BMI), history of diabetes, presentation of jaundice or low plasma protein, and preoperative jaundice treatment. Intraoperative information included pancreatic consistency, pancreatic duct diameter, and pancreatic anastomotic techniques used. Postoperative information included postoperative pathological examination results and volume of pancreatic and gastric drain fluid, pancreatic and gastric drain fluid amylase levels, and postoperative complications: hemorrhage, POPF, biliary fistula, DGE, and postoperative acute pancreatitis (Table [1](#T1){ref-type="table"}). POPF was classified into grades A, B, and C according to the definition of the International Study Group of Pancreatic Fistula (ISGPF).^[@R1],[@R12]^ The study protocol was designed according to Declaration of Helsinki guidelines and approved by the Institutional Ethics Committee of the First Hospital of Jilin University. Written informed consents were obtained from all patients.

###### 

Definitions of Postoperative Complications
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Surgical Techniques and Perioperative Management
------------------------------------------------

All patients underwent PD using Child procedure with an intraoperatively placed external pancreatic drainage tube. The postoperative anastomotic procedure involves end-to-end invaginating pancreaticojejunostomy with the insertion of a drainage tube into the major pancreatic duct. The drainage tube is fixed to the pancreatic parenchyma and routed out of the body via the distal bowel. We used a 5-0 nonabsorbable suture to close the posterior wall of the pancreaticojejunostomy anastomotic opening; we used a 4-0 polyethylene continuous suture to lock--stitch the anterior and posterior walls and to embed the anterior urothelium. We placed drainage tubes above and below the pancreaticojejunostomy anastomotic opening and below the biliary anastomotic opening. We treated all patients with sulbactam/cefoperazone (3.0 g/Q12 h) as preoperative prophylaxis and for the first 6 days after PD to prevent postoperative infection. We administered prophylactic intravenous octreotide at 0.6 mg/24 h for the first 3 days after surgery to decrease the rate of pancreatic secretion.

Drain Fluid Collection and Amylase Measurement
----------------------------------------------

On POD1, POD3, and POD5, we collected 5 mL gastric and pancreatic drain fluid. Gastric fluid was collected via a gastric tube that was left in the gastrointestinal anastomosis; pancreatic fluid was collected via a pancreatic drainage tube that was placed in the major pancreatic duct and supported with a stent. We measured the amylase level in the fluid within the first 30 minutes after collection using an automated biochemical analyzer (VITROS 5600; Johnson & Johnson, 100 Indiago Creek Drive Rochester, New York 14626) with VITROS Chemistry Products AMYL Slides (Johnson & Johnson). The upper limit of normal serum amylase was set at 100 U/L.

Following drain fluid collection, the sample tubes were relabeled to mask any relevant clinical information, and the amylase measurement and ratio analysis were conducted by personnel who were not aware of the patients' identities and clinical information.

Statistical Analysis
--------------------

Statistical analyses were conducted using SPSS software (version 19.0). Data are presented as the means and 95% confidence intervals (95% CIs). We used univariate logistic regression to characterize the association between different factors and POPF. We then analyzed the factors significantly associated with POPF using multivariate analysis, which tests whether the association with a particular factor is independent of other factors. We used receiver operating characteristic (ROC) curve analysis to calculate the sensitivity, specificity, PPV, and negative predictive value (NPV), positive likelihood ratio (+LR), and negative likelihood ratio (−LR) of GPAR on POD1, POD3, and POD5. We also calculated the sensitivity, specificity, +LR, −LR, PPV, and NPV of serum and drain fluid amylase levels on POD1 using cutoffs defined previously.^[@R5],[@R6]^ Numerical variables such as blood loss, duration of surgery, GPAR (POD1, POD3, and POD5), output volume of pancreatic drain fluid (POD1), output volume of gastric drain fluid (POD1), serum amylase level (POD1), and drain fluid amylase level (POD1) are presented as the median (Q1, Q3) in the tables.

RESULTS
=======

Postoperative Complications
---------------------------

The study participants were recruited from August 1, 2012 to September 15, 2014. Of the 61 patients who underwent PD, 23 (38%) experienced ≥1 postoperative complications: there were 21 (34%) cases of POPF, 4 ascites, 7 hemorrhages, 1 biliary leakage, 1 DGE, and 1 postoperative acute pancreatitis (Table [2](#T2){ref-type="table"}). Among the 21 patients with POPF, we classified 4 (19%), 13 (62%), and 4 (19%) as grades A, B, and C, respectively (Table [2](#T2){ref-type="table"}), according to the ISGPF definition.^[@R1]^
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Summary of Postoperative Complications
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Association Between POPF and Clinical and Biochemical Factors
-------------------------------------------------------------

To analyze the association between POPF and various clinical and biochemical factors, we stratified the patients into groups according to POPF status (POPF and non-POPF) and compared the difference of various biomarkers between the 2 groups. All biomarkers were measured successfully, and no data from any patients were omitted in subsequent analyses. Consistent with previous reports, pancreatic consistency, pancreatic drain fluid clarity, and serum and pancreatic drain fluid amylase levels on POD1 were all significantly different between the 2 groups (Table [3](#T3){ref-type="table"}). The median output of pancreatic drain fluid in the POPF group was lower than that in the non-POPF group (5 vs 20 mL, *P* = 0.01, \<0.001, Table [3](#T3){ref-type="table"}). Intriguingly, the median GPAR in the POPF group was significantly higher than that in the non-POPF group (POD1, 1.07 vs 0.96, X = −2.975, *P* = 0.003; POD3, 2.87 vs 0.24, X = −5.799, *P* \< 0.001; POD5, 3.02 vs 0.26, X = −5.723, *P* \< 0.001, Table [3](#T3){ref-type="table"}). Overall, our analysis revealed that GPAR, along with the 6 other biomarkers, was significantly associated with POPF. We compared the pancreatic and gastric amylase levels between the POPF and non-POPF groups using scatter plot analysis and found no difference between them, and the amylase ranges overlapped between the 2 groups on POD1 (median pancreatic amylase in POPF group = 1435 U/L, non-POPF group = 1525 U/L; and median gastric amylase in POPF group = 1536 U/L, non-POPF group = 960 U/L).
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General Risk Factors for Pancreatic Leakage
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Identification of POPF Risk Factors
-----------------------------------

Next, we sought to identify the risk factors for POPF. Univariate logistic analysis determined that pancreatic consistency, pancreatic drain fluid clarity, and serum amylase levels on POD1, and GPAR on POD1, POD3, and POD5 were risk factors for POPF (Table [4](#T4){ref-type="table"}). Further analysis with multivariate logistic regression confirmed that both GPAR \>0.3 and turbid pancreatic drain fluid increased the risk of developing POPF (GPAR on POD3: odds ratio \[OR\], 70.373; 95% CI, 5.301--934.295, *P* \< 0.041; turbid pancreatic drain fluid: OR, 43.341; 95% CI, 2.917--643.903, *P* = 0.006; Table [4](#T4){ref-type="table"}).
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Univariate and Multivariate Logistic Regression for Identifying POPF Risk Factors
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POD3 GPAR as a POPF Predictor
-----------------------------

That GPAR was an independent risk factor of POPF encouraged us to further evaluate its predictive power for POPF. To this end, we conducted ROC analysis and found that with a cutoff value of 1.24, the GPAR on the POD3 curve had an area under the curve (AUC) of 0.955 (95% CI, 0.870--1, *P* \< 0.001) with 90.5% sensitivity, 100% specificity, 100% PPV, and 95.2% NPV; the −LR was 0.095. We did not calculate the +LR because there were no false positives (Figure [1](#F1){ref-type="fig"}). We also conducted ROC analysis for GPAR at the other time points. With a cutoff value of 1, the GPAR on the POD1 curve had an AUC of 0.733 (95% CI, 0.604--0.863, *P* = 0.003) with 76.2% sensitivity, 60% specificity, 48.5% PPV, and 82.1% NPV; the +LR was 1.905 and the --LR was 0.4. With a cutoff value of 1.15, the GPAR on the POD5 curve had an AUC of 0.949 (95% CI, 0.858--1, *P* \< 0.001) with 90.5% sensitivity, 100% specificity, 100% PPV, and 95.2% NPV; the −LR was 0.095 and the +LR was not calculated because there were no false positives. To compare GPAR on POD3 to previously identified markers, we evaluated the predictive power of 2 previously identified POPF predictors, that is, POD1 drain fluid and serum amylase levels, using previously defined cutoff values (drain fluid amylase: 5000 U/L; serum amylase: 140 U/L).^[@R5],[@R6]^ POD1 drain fluid amylase level predicted POPF with 50% sensitivity, 71.1% specificity, 38.1% PPV, 80% NPV, 1.71 +LR, and 0.70 −LR; serum amylase had 76.2% sensitivity, 55% specificity, 47.1% PPV, 81.5% NPV, 1.69 +LR, and 0.43 −LR. These results suggest that GPAR on POD3 is a much more accurate POPF predictor than these 2 amylase-based markers.

![ROC curve of GPAR on POD3 for predicting POPF. ROC was performed with GPAR calculated by normalizing gastric amylase level with pancreatic amylase level on POD1, POD3, and POD5. The AUC on POD1 is 0.733 (95% CI, 0.604--0.863) with *P* = 0.003. The AUC on POD3 is 0.955 (95% CI, 0.870--1) with *P* \< 0.001. The AUC POD5 is 0.949 (95% CI, 0.858--1) with *P* \< 0.001. AUC = area under the curve, CI = confidence interval, GPAR = gastric/pancreatic amylase ratio, POD = postoperative day, ROC = receiver operating characteristic.](medi-94-e339-g005){#F1}

DISCUSSION
==========

Although it was introduced by Whipple, PD has been used as a standard procedure for treating malignant and benign disorders of the pancreatic head and the periampullary region.^[@R2]^ It is considered one of the most challenging surgeries because it involves complicated procedures, requires an extended duration of surgery, and causes potentially significant tissue damage.^[@R2]^ Although anastomosis techniques have advanced greatly, the incidence of PD-associated POPF remains high.^[@R13]--[@R15]^ POPF is a major cause of morbidity and mortality in patients who undergo PD.^[@R1]--[@R3]^ Therefore, early and accurate prediction of POPF is essential for achieving optimal postoperative outcome in these patients.

We measured gastric and pancreatic drain fluid amylase levels on POD3 and calculated the GPAR in 61 patients who underwent PD. We then analyzed the association between POPF and GPAR and other biomarkers, finding that high GPAR and turbid pancreatic drain fluid are risk factors for POPF. In ROC curve analysis, the AUC of GPAR was 0.955 (95% CI, 0.87--1, *P* \< 0.001) with 90.5% sensitivity, 100% specificity, 100% PPV, 95.1% NPV, and 0.095 −LR. The performance of GPAR on POD3 or POD5 was greatly superior to that of drain fluid or serum amylase levels. This is the first study to demonstrate that POD3 GPAR is a risk factor and an accurate predictor of POPF in patients who have undergone PD.

Biomarkers such as soft pancreatic consistency,^[@R14]^ BMI,^[@R16]^ pancreatic duct diameter \<3 mm,^[@R16]^ serum amylase level,^[@R17]^ drain fluid amylase level,^[@R6]^ combined serum albumin and leukocyte count,^[@R7]^ combined BUN and serum albumin levels,^[@R8]^ and persisting ratio of drain fluid amylase output^[@R9]^ have been identified as POPF predictors. However, their sensitivity or accuracy tends to be low. For example, Sutcliffe et al^[@R6]^ found that low drain fluid amylase (cutoff of 350 U/L) predicted POPF with 100% and 79% sensitivity and specificity, respectively. However, the PPV was only 41%, suggesting that this method failed to identify a large portion of patients who have POPF. Similarly, Cloyd et al^[@R5]^ found that POD1 serum amylase could predict POPF, yet the PPV was only 29.3%. Here, we evaluated the performance of serum and drain fluid amylase on POD1 in predicting POPF. Consistent with previous reports, their accuracy was low: POD1 drain fluid amylase predicted POPF with 50% sensitivity, 71.1% specificity, 38.1% PPV, 80% NPV, 1.71 +LR, and 0.70 −LR; serum amylase had 76.2% sensitivity, 55% specificity, 47.1% PPV, 81.50% NPV, 1.69 +LR, and 0.43 −LR. In comparison, POD3 GPAR predicted POPF with greater accuracy, with 92.9% sensitivity, 100% specificity, 100% PPV, and 96.92% NPV. In fact, POD3 GPAR predicted POPF in 19 of the 21 patients with POPF. One patient whose diagnosis was missed developed POPF 14 days after PD; his BUN and serum albumin levels at POD10 were 16.41 mmol/L and 29.8 g/L, respectively. Therefore, POPF in this patient may not have resulted from anastomosis failure, but rather from malnutrition and systemic nitrogen imbalance.

We reasoned that a major challenge in predicting POPF using amylase levels is that pancreatic exocrine function can vary dramatically between patients, and such variation influences the baseline and postoperative amylase levels significantly. In the present study, while the POD3 pancreatic amylase level in the non-POPF group ranged 11,433--554,050 U/L, it ranged 2307--45,318 U/L in the POPF group, demonstrating that amylase levels in pancreatic drainage vary dramatically between patients and that the absolute amylase level did not correlate with POPF. To explain this observation, we propose that GPAR may serve as an indicator for the direction of pancreatic fluid flow: when pancreatic fluid is not drained through the pancreatic drainage tube or is predominately from the pancreatic stump, it will infiltrate the gastrointestinal anastomosis and lower gastrointestinal tract, resulting in high GPAR and causing POPF; when pancreatic fluid is drained from the body through the external drainage tube, it does not flow through the gastrointestinal anastomosis and lower gastrointestinal tract, therefore the GPAR value is low and the surrounding tissues are unharmed (Figure [2](#F2){ref-type="fig"}). A similar mechanism can also be applied to explain the correlation in the color change in the pancreatic fluid.

![Schematic diagram of 2 different scenarios for pancreatic fluid flow. (A) Pancreatic fluid flows into the gastric tube and (B) pancreatic fluid flows out through the pancreatic drain tube. When pancreatic fluid is not drained through pancreatic drainage tube or is predominately from the pancreatic stump, it will get into gastrointestinal anastomosis and lower gastrointestinal tract, so the amylase in gastric fluid would increase and the amylase in pancreatic drainage tube would decrease (A). On the other hand, when pancreatic fluid is drained through pancreatic drainage, the amylase level in the pancreatic drain fluid increases, while that in the gastric drain fluid decreases (B).](medi-94-e339-g006){#F2}

The reasons for our use of POD3 as the time point for POPF prediction are as follows. As shown in the scatter plot in Figure [3](#F3){ref-type="fig"}, the pancreatic and gastric fluid amylase levels on POD1 were low and there was no difference between the POPF and non-POPF groups. By contrast, the amylase levels on POD3 were at their apex and therefore correlated well with POPF. As there was a significant amount of postoperative tissue response, and because postoperative medication significantly influences amylase levels immediately after surgery, POD1 may not be the best time point to make accurate predictions of POPF. Conversely, as postoperative tissue response and medication decrease over time, POD3 is a better time point for measuring the levels of biochemical parameters to predict POPF. For example, the patient with the highest pancreatic amylase activity (55,4050 U/L) had gastric drain fluid amylase activity of 23,1242 U/L, therefore a GPAR of 0.42, and developed no POPF. By contrast, a patient with low pancreatic amylase activity (7123 U/L) had relatively high gastric drain fluid amylase activity (38,4621 U/L); the GPAR was 54, and the patient developed POPF. Although the GPAR on POD5 also predicted POPF well, predicting POPF on POD5 is too late because most POPF occurs between POD5 and POD7.^[@R18]^ Altogether, our results suggest that POD3 is the best time point for predicting POPF using the GPAR.

![(A) Median value of amylase in pancreatic and gastric drain fluid. Scatter plots of amylase levels in pancreatic and gastric drain fluid in (B and C) POPF and (D and E) non-POPF groups. Although the pancreatic and gastric drain fluid amylase levels were not at their apex, their values reflected the trend of change. POPF = postoperative pancreatic fistula.](medi-94-e339-g007){#F3}

It is worth noting that as the patients who undergo PD often have the pyloric sphincter removed and subsequently salivary amylase may be present in gastric drainage. As both salivary and pancreatic amylase belong to the α-amylase family, the detection method currently used in most clinical settings cannot distinguish the two. Thus, both pancreatic and salivary amylases contribute to the amylase activity in gastric drain fluid. However, as the maximal normal salivary amylase activity is 454.125 ± 332.008 U/L in men and 457.142 ± 367.517 U/L in women,^[@R19]^ we believe that the influence of salivary amylase is not a significant concern in the present study.

In addition to GPAR, we also identified turbid pancreatic drain fluid as a risk factor for POPF. Soft pancreatic consistency and pancreatic tube diameter have been reported as POPF risk factors,^[@R17],[@R20],[@R21]^ yet our multivariate analysis identified only turbid pancreatic drain fluid as a risk factor for POPF. As pancreatic consistency and pancreatic tube diameter may be influenced by POPF, they may not be reliable predictors of POPF; however, the predictive power of these clinical factors has not been explored. To our knowledge, our study is the first to describe turbid pancreatic drain fluid as a risk factor for POPF. Our findings warrant further investigations to determine whether turbid pancreatic drain fluid can predict POPF.

In summary, we conducted a prospective study of 61 patients who underwent PD and identified POD3 GPAR as a factor significantly associated with POPF; with a cutoff of 1.24, it predicts POPF with high sensitivity and specificity. Measuring pancreatic and gastric drain fluid amylase activity is straightforward and inexpensive. We believe that the promising results reported warrant further evaluation in a much larger patient population to confirm the predictive power of POD3 GPAR for POPF and determine the optimal cutoff value.
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